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I. INTRODUCTION

- A quantxtatwe descnptwn of the mtetactzon of electroxs thh matter

, overa large range of energies is a sub]ect of basic unportance ina vnde vanety
of thearetical and applied areas. From the thearet:cal standpoint, calcu]atxons
of energy loss and range of electrons in many different materials have formed
the basis of at least two extensive tabulations. 1.2 Both of these works are
restricted to electron energies 2 10 keV and are based on the Bethe theory of
stopping power including various modifications and corrections (e.g. density-
effect corrections). We feel that similar tabulations for electron energies
< 10 keV, based on a priori calculations using currently available thearetical
information, will provide useful guides fur interpretation of experimental data
as well as input for calculations in applied areas.

Our work here will involve model calculations to describe the extended
electron states of a solid (valence band or conduction band). The more tightly
bound, inner shells of the atoms in the solid will be assumed to be essentiaily
unchanged in character from those in free atoms. Thus, excitation of electrons
from the inner shells will be based on calculations of atomic, generalized
oscillator strengths (GOS's). Moare specifica]iy, the differential inverse mean
free path (DIMFP), which forms the basic function required in our work, will be
derived from an electron gas model descrihing the conduction band electrons in Al
and from a model insulator theory applied to the valence band in Alzoa. The

DIMFP's for electron interaction with fhe inner shells of the Al and O atoms
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are calculated from a priori atomic GOS calculations for exciting electrons to

the contiruum from the 2s and 2p sub-shells of A13 and the K shell of O.4 The

DIMFP far removing an electron from the K shell of Al is obtained from GOS
values based on hydrogeric \4»'avef\.mct:ions.5 Given the DIMFP's associated with
the most important electron interaction processes in the solids we then calcu-
late inverse mean free paths, stopping powers, csda ranges, and range ard en-
ergy straggling fcr electron energies from a few eV to 10 keV.

The details of the components of our calculations are described mere
fully in the next four sections. In section VI exchange corrections aré dis-
cussed, expressions given for the exchange corrected DIMFP's, and farmulas

used in these tabulations are displayed.
II. GENERAIL FORMULATIONS

A charged particle passing through a salid interacts with a large aumber

of electrons simultaneously ard it is thus appropriate to speak of a mean free
path of the charged parti;:le against energy loss to the solid. Assuming the ef-
fect of the charged particle on the medium may be treated in first Born appro«i-
mation, the inverse mean free path, differential in momentum transfer, hl—c' ,

and energy transfer, hw, for a particle of velocity v is given by

X'Il—'

[y ] M)

where €(k, w) is the exact dielectric function of the solid.é’7 We assume in

this work that the solid is isotropic and homogeneous.
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For our calculations of inverse mean free paﬁm, s&;pi:g powe:-. etc.., ,.
it is sufficient to compute inverse mean free paths differential in energy
&amfer only. This differential inverse mean free path (DIMFP) far ex&g
loss ﬁw by an electron with energy E = va/ZF in the solid is given by o

‘ . : « ,
- dp _ 1 oA -1
T(E,hw) *Atw) - ﬂaoE [ X Im[ R ] (2)

where hk =Vem [JE + J}S.‘_-—h_c;] anda_ = hZ/meZ. This expression
assumes that the energy-momentum relation foar a swift electron in the solid
does not differ appreciably from that of a free electron in vacuum.

Given ek,w) for the solid, the quantities of interest here follow directly
from T(E,hw). The inverse mean free path of the electron, u, is given by

integrating over allowed energy transfers as

p(E) = / d(hw) T(E, hw) . 3)
The rate of energy loss of the electron, ar the stopping power of the medium,
is given by

S(E) = -dE/dx = Jd(hw) hw T(E,hw) ,

and the mean square energy loss per unit path length by

GZ(E) h/d(hw)(hw)z T(E, hw) . (5)

With these results we may calculate the range of an ~lectronin the continmuous-

slowing-down approximation (csda range) by
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E
R (E) =f dE' /S(E') . | (6)

E
o

The lower limit on this integration will be discussed further in Section VI. The
mean square fluctuation in the range or "range straggling" will be calculated
from Eq. (3) and Eq. (4) as8
E
R-R ) Ef a’' 0%(E"/12Eh 71 . (7)

E
o

In practice, the DIMFP will be evaluated as a sum of contributions from
various distinct processes. For example we calculate a DIMFP for removing an
electron from a given inner shell, a DIMFP far plasmon excitation, etc. The
total DIMFP used to describe the interaction of an electron with the given solid

will be given by

T(E,w) = 2 T,(E,u) (8)
i

where the sum over i adds the contributions from the various interaction proc-
esses. The evaluation of the Ti's far Al and A1203 is described in the next three

sections.

III. DIMFP's FOR THE ALUMINUM CONDUCTION BAND

The conduction band of Al will be described by an electron gas model. The

dielectric response functicn in the form given by Lirndhar66 is

€ow) = 1+(x/z0) [£)0x,2) +if,(x,2)] ()
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in terms of the dimensionless variables x = hw/E, and z = k/Z, withE, the
Fermi energy and k, the Fermi wavenumber of the electron gas. Also,
2_ 2 . . . . ..
X = e /¥hv, where v, is the Fermi velocity. Thefunctmnflzsgzvenby
a e oo wan) ] BNz EL
£(x2) = % + 5= [1-(z-x/42)" Jn| S5

1 _ 2 z+x/4z 41
= [1-(z+x/42)" Jén | vy ey | . (10a)

The function £, is defined by

7x/8z , for z+x/4z < 1
fz(x,z) = -8-’;—[1-(:-:/42)2.], for |z -x/4z|<l <z +x/4z (10b)
0, for Iz-x/4z,>1 .

From Eq. (2), the DIMFP is given by

2 % zfz
T(E,hw) = —l—ﬂa Ef dz NN PRI (11)
° z_ X % L)
where z, = k+/2k, . Energy losses of an incident electron to an electron gas

may be divided into: (a) losses resulting from excitation of single electrons out
of the Fermi sea and (b) losses to collective oscillations of the electron gas
(plasmon excitation). The contribution to the total DIMFP due to (a) is identi-

fied with the region in which EZ is non-zero. This electron-electron term is

written as

2 /x4l +1) p
dp'ee X 8(e-x) dz 5 (12)
2

= 1_(6,x) =
dx ee fa {(e+1]) 2, 2, . 2
° d/mt -y ) )

ki, s A s

S mwm sl L,

1 A S e W Mk o
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where € is the incident electron energy measurea from the Fermi level in
units of the Fer:ni eruéy, i.e., € =(E - Ef)}/Er, and the step function
6( € - x) restricts the incident electron to states above the Ferrai level.
The plasmon contribution arises from integ;ation of Eq. (11) in the
region where fz = 0. The integral is zero except on the plasma resonance

line defined by z = zo(x) through the equation
. 2 2 _
Flx,z ) = z +x fl(x,zo) =0. (13)

The DIMFP for plasmon excitation is found to be

i z

—-— o - -
Tl &) T ey Taral 80 = % 3n) 8y =) (19)
[}

where x . and x are the solutions of the equations
min max

X in = 4zo(xmin) [Ve+l - zo(xmjn” (15)
ard
x o =4z (x )[4 zo(xmax)] . (16)

For our later discussion of exchange carrections we need the DIMFP for

creation of secondary electrons in this model. The results of Ref. (7) lead to

min(e ' +1,¢€) 2z

2 +
N X
Tle,€) = &o(e+1)_[,dx

dz
z_ zﬂt(Zk,z,E,x) iz

(17

where min{a,b) represents the smaller of the quantities a and b.

e e e i

PRSPPIV

it
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The use of this electron gas model, though based implicitly on the |
assumption of high electron densities, gives unexpectedly good results for
Born approximation and would be expected to fail when the velozity of the in-

I.
6

real metal conduction band densities. In addition, Eq..(1) is derived in firs
cident electz;'an aéprbaches tfaat of electzdns in the electron gas; Lmdhard,
however, points out that this equation may be reasonably good at any velociéy
since: {a) the relative velocity of the incident eiectron and representative *‘ ‘

electrons in the electron gas remains of the order of the Fermi velocity no :l

4

matter how slowly the incident electron moves, and (b) at iow velocities th’e
Coulomb field of the incident electron is strongly screened by paolarization iL-x
the electron gas so *+1t for manypurposes 1t can be considered smal! in the!

sense of perturbation theory. }

IV. DIMFP'S FOR INNER SHELLS

From a general expression for the dielectric function of a homogeneous,

;
isotropic system9 we may show for values of «w which correspond to ionization

of the ith inner shell in a solid that ;

-1 ZTInie2 dfi(k, w) ;
Im[-—-———e(k’w)]z Ime€k,w) = — 3w (18)
i

where dfi/dw is the generalized vscillator strength (GO3) for transitions firom

the ith independent inner shell. Here n is the number of ith inner shells pér

unit volume in the given solid. Equation (2) thus leads to i
|

-



11

Ti(E, hw) -

8'na n ' df(k w)
f )

(E/R)( hw/R d(hw)

e

where hw is the energy transfer andR = e /Zao.

Generalized oscillator strengths for the ionization of L shell electrons in
Al have been calculated by Manson3 using a nonrelativistic Hartree-Slater central
field model of the atom. These GOS values have been used as input for numerical
evaluation of the integral over momentum transfer in Eg. (19) to obtain differen-
tial cross sections, ‘ri/ n = dO'i,’ d(hw), for the 25 and 2p subshells of Al. These

cross sections when mul tiplied by the appropriate value of n. give the DIMFP for

Al, A1203
2s would denote the DIMFP for

the particular material. For example, T
removing a 2s electron from an Al atom with the density of Al atoms correspond-
ing to that in A1203. This same type of nctation will be used for contributions tc
the inverse mean free path and stopping power. The binding energy for 2s and 2p
electrons in Al is taken tobe 118.524 e/ and 80.88 eV, respectively, for
these calculations.

Similar calculations have been done for the 1s shell in oxygen. The values
of the GOS for excitation to the continuum from the ls shell of Owere taken
from the work of McGuire.4 The binding energy of the ls shell in O is taken to
be 536.6eV.

Our calculation of the DIMFP for excitation of electrons from the K shell

of Al to the continuum js based on cross sections derived using hydrogenic wave

functions. A detailed discussion of this type of cross section calcuation is

- ok
R ¥ g s LT PRI AN,
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given in Ref. 5. We have used the equations in this reference to calculate the
CIMFP based on a binding energy far the K shell in Al of 1545.8 eV and an

"effective atomic number" of Zs = 12.5643.

- V. DIMFP'S FOR VALENCE ELECTRONS IN Al‘?.O3

Since A1203 is a good insulatar with a band gap of about 9 evm it is

desirable to represent the response of its valence electrons on the basis of

a quite different model than that used for the conduction band in Al. The
model which we have developed for this purpose is related to that employed

by Fryu in which the ground state wave function of the valence electrons is
described in the tight-binding approximation, while excited states are repre-
sented by orthogonalized plane waves (OPW). In our use of the model to ob-
tain a dielectric response function we fix the normalization of the OPW excited

states by requiring that the sum rule f dw wim[ €k,w)] = ZﬂzneZ/m ,

0
where n is the density of electrons in the valence band. In addition we assume

that the solid is unifarm : nd homogeneous. The Vdieiéétric response function
corresponding to this model salid is convenient and flexible for use, canbe
fitted to the optical dielectric function in the limit of very long wavelengths
(k»0), and describes the single-particle properties of excited electrons. The
existence of plasma oscillations emerges naturally as one studiés the response
of the system to longitudinal electric perturbations. 12

Since a detailed discussion of the insulator model is planned for publi-

cation13 we quote here only the results needed for these calculations. The
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result required here is the imaginary part of the dielectric response function

for the model insulator given by

Im[ek,w)] = ﬂnezl"/hﬂkA (20)
where
rEi';_[ 33 - 2123]
{a"+ (k-p)" } {a +(k+p)"}
4
= 23302 222[ z — - 2]‘21)
(@ +p ) (4a +k) a +(k-p) a +(k+p)
s 1024 pk a° }
1o s k)
A= [w +_h.ﬁ(k2+a2)]r 1 _s2d ] (22)
5" m L 6> ALY
and
1/2 |
p = [mw-w)yhBl] . (23)

Here hw, is the excitation energy of the valence electrons and B and a are
parameters which may be adjusted to make the theory agree with optical dielectric
function measurements in the k20 limit. In the k20 limit we have

2 .
29' ne a7 p3

0] 23

h z 26 ° (24)
(wa+—£a2) {a +p )

Given the imaginary part of the dielectric function, Eq. (20), for fixed values of

n, B, we, and @ the real part of €k, w) may be obtained numerically using the
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Kramers-Kronig relation,

2 - w, Im[ €(k, wo)J
Rel€(k,w)] = 1+ -"——f dw, 5 5 . (25)
o wo - &)

~ We fit Eq. (24) to experimental measurements of the unagmary part of
the optical dielectric function as measured by Arakawa and Williams 1o with 15
valence electrons per AIZO3 unit, density of Alzo3 of 4.05 g/m3.. hws = 9 eV,
B =3, and aa_= 0. 78. Given these values, Im[ - "ETTF}Z:T ] is calculated
from the results of Eq. (20) and Eq. (25). The remaining 9 of the 24 valence
electrons in Al O, are taken to form a second tight-binding level with hus =

273
29eV, =%, and aa_ = 1.6.

VI. EXCHANGE CORRECTED DIMFP'S AND FORMULAE FOR THE TABULATIONS

We have included the effect of electron exchange in our calculations in a
simple manner based on the form of the Mott formula (non-relativistic Mdller
faormula) for scattering of an incident electron with a free electron. The cross

section for finding a scattered electron with energy in the interval W:W+dW is

given by

4
a@ _ me [ SRS W ] (263
aw E Lw" (E-w W(E-W)

for an incident electron of energy E, except for energies close to W = 0 and

W =E. Near W =0 and W = E the interference term (third term on the right side

of Eq. (26))is effectively 7. o,
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The DIMFP for excitation of an eiectzon from a particular state i may

be wcitten in the form

ri(l-:,hw) = Fi(E,hw) . 27

1
E
If we assume that the width of the level from which an electron is excited is

quite narrow, we oL'"in from Eq. (27) the DIMFP for production of a second-

ary electron with energy E_ as
(E,E) = —=F.(E, E'+E) (28)
it T OE iV s :

where E; is the binding energy of the ith state (a positive quantity). The ex-

change corrected DIMFP is taken as

exc 1 ' 8
= — - hw
T, (B, hw) = —¢ ; F.(E,hw) + F,(E, E+E; )

_ 1/2
- [1 -\)zi"/g][ri(z,hw)ri(E, E+ Ei’ - hw)] . (29)

Since E‘l‘i « 1/(?1(.0)2 far large E and hw, Eq. (29) reduces in this limit to the

N A L AR I A aMATRE S AL ro C

form given by Eq. (26). The factor 1 —\JE; /E reduces the contribution of the

A

third term in Eq. (29) as E - Eia . This form far the exchange corrected DIMFP
has been used in our calculations for all the inner shells and for the two valence
levels in A1203 {since our model assumes the width of these levels %0 be quite
na~row).

If we now define the more energetic of the two electrons after collision

to be the primary, and account for exchange through Eq. (29), Eq. (3) gives the
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the contribution to the inverse mean free path due to excitation of an electron

from the ith level as

(E+}:i°)/z

u{E) =] d(hw) rie."c(}:,nw) . e St (30)
E . ~ cn o

.
i

Similarly for the stopping power and mean square energy loss per unit path

length we have from Eg. (4) and Eq. (5)

SN SR T Y LS, W PO s i B4

(E+Ei')/2
S(E) = d(hw) he 7.5°(E, hw) (31) j
‘ E} ' ‘ §
and 1 %
(E+ED)/2 :
a’E =  aname’ 1w ) . (32) i
E®

1

The exchange correction for excitation of electrons from the Al conduction

peat

band of finite width requires a slightly different form. We take

ALy

Tee (£5%) =] 7 (6,0 +7 (6,6x) - [1-(er1) /2 1/2

ee

][Tec(e,x)‘rs(e,e—x) ] (33)

where Tee and Ts are defined in Eq. (12) and Eq. (17). Thus the contributions to
the inverse mean free, stopping power, and mean square energy loss per unit path
length due to excitation of electrons from the conduction bard in Al are calculated

from
x/2

exc
Hool €) =f dx T T(ex) (34)

o
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x/2
s (&) = dxx‘re:xc(e,x) , (35)
o
and
x/2
Q% (o - sl (ex (36)
ee ee
o

No exchange correction is applied to Tpl’ Eq. (14). The inverse mean free
path contribution due to plasmon excitation is given by

xmax
pale) = axTyien . 37)

X .
min

The contribution to stopping power and mean square energy loss per unit path

length are given by
x
max
Spl(e) =f dxprl(e,x) (38)
x .
min
and
x
max
02 €) = d 2‘r (e 39
Pl( ) b X X pl ,X) hd ( )
*min -

For the remaining calculations we form the sums

%mw)=§%m) (40)

S e . SR £ 1 e

o4 SETX.

PR P

RS SFST SRR
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and

% (g =an(z) , (41)
1

exc

where the index di includes the terms appropriate far a given solid, including |

exchange carrections as indicated above. The csda z;ahge is calculated ﬁrom '

(E) =/ dE ’/sexc(E’) | (42)
10 ev

R 10y

carresponding to an electron slowing down in a continuous manner from an energy
E to 10 eV. The mean square fluctuation in the csda range based on Eq. (7). is
calculated as ’
E
Z - 4 02 L4 ! 13
[ARuo) J,w -/ de” & (E Vs (EDJ . (43)

10 eV‘
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VII. ALUMINUM: EXPLANATION OF TABLES

GENERAL NOTES
l. Electron energies are measured from the top of the conduction
w (Fermi lévél). Ihe Ferm1 energy xs taken boﬁb_ngF:=fll.6'e\kl._
2. The density of solid Al is taken tobe 2.71 g/em>s u

3. The computer-printed units are translated as:

BV...-.....- eV Ac--a-cu-.‘.-A

EVZ.-...... (eV)Z A"laccoo-co.- A.-l
3 2

G/CM3 ..... ¢/em A2 eeevveees. A

4. The numerical print-cut is in the form, e.g.

2.8D-01 = 2.8x10°).

TABLE 1A - INVERSE MEAN FREE PATH OF ELECTRONS IN ALUMINUM

EL - EL Pee 25 given by Eq. (34)
PLASMON P'pl as given by Eq. (37)
Al . .
AL (ny) K,y asgiven by Eg. (30) with Eg. (19)
INVERSE MFP i - total inverse mean free
path = sum of individual
contributions.

TABLE 1B - STOPPING POWER OF ALUMINUM FOR ELECTRONS

EL-EL S(‘e as given by Eg. (35)




PLASMON

AL(ng)

STOPPING POWER

21

spl as given by Eq. (38)

{;} as given by Eq. (31) with Eq. (19)

S - total stopping power = sum of
individual contributions

TABLE 1C - CSDA RANGES AND STRAGGLING OF ELECTRONS IN ALUMINUM

CSDA RANGE
(ETOD EV)

MEAN SQUARE
ENERGY LOSS

MEAN SQUARE
RANGE FLUCTUATION

RELATIVE RANGE
STRAGGLING

Rioy ™ the range of an electron in the
ccgnglmous-slowing-down approximation
in going from an energy E to 10 eV, as
given by Eg. (42).

2 . s
Q ~ the mean square fluctuation in

th%xgnetgy loss per unit path length, as
given by Egs. (41), (36), (39) and (5)
plus (19).

[AR m)fy - the mean square fluctu~
atioh i1 the range about the mean csda

range R( 10)” as given by Eq. (43).

]fv* 1/Z/R

1L AR (10)

(10}
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IX. ALUMINUM OXIDE: EXPLANATION OF TABLES

GENERAL NOTES:

1. Electron energies are measured from the bottom of the conduction

band.

2. The density of solid AlO, is taken to be 4.05 g/cm3.

3. The computer-printed units are translated as:

EV Sessvesse eV

EV2.cc.ccaee (eV)Z

G/CM3 ..... g/cm

Aceenn.. ceees A

A-l “s s cssveve .A-I

«2
A2 civeenieees A

~2
4. The mnumerical print-out is in the form, e.g., 2.8D-2 = 2.8 x10 .

TABLE 2A - INVERSE MEAN FREE PATH OF ELECTRONS IN A1203

VAL (9 EV)
VAL (29 EV)
AL(e)

0(18)

INVERSE MFP

B evy 2 given by Eg. (30) +(2) +{20) +(25)

“{29 evy 28 givenby Eq. (30) +(2) +{20) +(25)

p‘:‘:'“z% as given by Eq. (30) +(19)

p.?s’A1203 as given by Eq. (30) +(19)

p - total inverse mean free path = sum
of individual contributions.

o e et e —
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TABLE 2B - STOPPING POWER OF ALUMINUM OXIDE FOR ELECTRONS

VAL (9 EV) | Sg ey 2 Eivenby Ba. (1) +(2) +(20) +(25)
VAL (29 EV) .89 eyy 25 givenby Eq. (31) +(2) +(20) +(25)
ALingy : 'sﬁ:"uz% as given by Eé. (31) +(19)
0(15) sg’"‘l 2°3 as given by Eq. (31) +(19)

STOPPING POWER S - total stopping power = sum of
individual contxributions.

TABLE 2C - CSDA RANGE AND STRAGGLING OF ELECTRONS IN A1203

CSDA RANGE R - the range of an electron in the

(ETO D EV) c&%@lmous-slowing—down approximation
in going from an energy E tc 10 eV, as
given by Eq. (42).

MEAN SQUARF. 0 - the mean square fluctuation in

ENERGY LOSS tl’t%xgnergy loss per unit path length, as
given by Egs. ’41), (32} +(19), and (32) +
(7) +{20) +(25).

2
MEAN SQUARE [AR(IO 1,y - the mean square fluctuation
RANGE FLUCTUATION in the range about the mean csda range
R( 10)° as given by Eq. (43).
RELATIVE RANGE {[AR( 1o il B 10
STRAGGLING ) ow (19)

£ T A A S




FATH OF ELECTRONS IN AL203 (DENSITY 41056/CM3)

TABLE 2A-1MNVERSE MEAN FREE
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